Objective: The aim of the present study was to determine the influence of the aortic annulus (AA) diameter in order to examine the performance metrics, such as maximum principal stress, strain energy density, coaptation area, and effective height in the aortic valve.
Supplemental material is available online.
The local geometry of the aortic valve plays an important role in its performance. In the past, different factors influencing the aortic valve configuration have been the focus of many studies. The coaptation area and effective height (h E ) of the cusps have been identified as important parameters in determining the acute and long-term function of repaired aortic valves. [1] [2] [3] Aortic aneurysms have been found to reduce cusp coaptation, initiate aortic insufficiency, and increase cusp stress, 4 ,5 a mechanism that seems to be caused by dilatation of the sinotubular junction and/or aortic annulus (AA).
In valve-sparing aortic replacement procedures, the aortic root is replaced with a graft while retaining its native aortic valve. Two widely used, similar procedures have been developed by David and Feindel 6 and Sarsam and Yacoub. 7 Avoiding prosthetic valves and retaining the native cusps improves the hemodynamics, reduces the risk of thromboembolism and endocarditis, and eliminates the need for anticoagulation, thereby improving the overall quality of life. 8 The disadvantages of these techniques, however, lie in the risk of reduced valve durability owing to the nonphysiologic opening and closing characteristics, leading to incomplete restitution of normal valve configuration. 8 Because the heart is arrested and empty during surgery, it is very difficult to predict the postoperative final results in terms of valve geometry and competence. For this reason, other tools such as numeric models are important to provide the surgeon with improved geometric information to perform valve repair or preservation procedures.
Previous numeric models have been used to study the effect of root geometries on the mechanical performance of aortic valves, with and without aortic sinuses, 9-11 for valve-sparing procedures, 4, 12, 13 and with aneurysmatic roots. 4, 13 In dry models, 4, 9, 12, 13 it has been suggested that the sinuses are important for minimizing stress in the cusps. However, the influence of the flow field was ignored in these models, and, therefore, physiologic boundary conditions could not be used. Ranga and colleagues 10 and Katayama and colleagues 11 used fluid structure interaction (FSI) models to study different types of aortic roots. These models did not include contact interaction between the cusps, a factor that plays a critical role in aortic valve diastolic behavior, especially for valve-sparing procedures. 14 It is still necessary to perform parametric simulations and to supply the surgeon with sufficient data to match the graft to the patient's pathology. Most importantly, there is currently no available information regarding which valve repair configuration yields the minimum amount of stress in the cusps. Furthermore, it is unclear to what degree the sinotubular junction and AA should be reduced. More recent studies in the reconstruction of regurgitant bicuspid aortic valves have shown that an enlarged AA is an important predictor of mid-to long-term failure of valve repair. 15 Although changes in AA diameter in valve-sparing procedures or in subcommisural annuloplasty directly affect the dynamics of the valve, 16 no studies on the influence of these changes have been reported. The objective of the present study was to determine the influence of changes in AA diameter on the geometry and dynamics of the aortic root and valve cusps using numeric methods.
METHODS

Physical Model
The 3-dimensional (3D) geometry of a normal aortic valve and root was reconstructed using geometric relationships similar to those suggested by Thubrikar. 17 Figure 1 illustrates a proposed aortic valve base geometry with dimensions scaled with respect to the annulus diameter (d AA ). The scaling values are taken as a base configuration for a healthy valve. Five additional geometries, with d AA from 20 to 30 mm, were calculated from the base geometry with applied outer pressure that expands or shrinks the initial AA. These calculated geometries were used as the initial configuration of the aortic valve and root, assuming zero stress in the tissues. The cusps and root had a thickness of 0.3 and 0.6 mm, respectively. We assumed that the cusps and root had separate but tied geometries and that the cusps moved with the root at their joint boundaries. Two straight rigid tubes with a length of 1 and 4 cm were added upstream and downstream, respectively, to move the flow boundary conditions away from the regions of interest.
Although leaflet tissue is anisotropic and hyperelastic, isotropic and linear elastic material properties were assumed in the present model. This assumption is suitable for simulating coaptation, 12 the major goal of the present study. A Poisson's ratio of 0.45, Young's modulus of 1 and 2 MPa, and a density of 1100 and 2000 kg/m 3 were used for the cusps and root, respectively. 4, 12 To account for the tissue damping effect, a stiffness-proportional damping coefficient (b ¼ 0.013 s) was selected for the cusps according to previous sensitivity. 18 The aortic root was significantly stiffer; therefore, a value of b ¼ 0.15 s was used to yield realistic results for the root. The flow was assumed to be laminar and the blood to be slightly compressible and Newtonian at a constant temperature of 37 C. 19 Blood compressibility 20 of 3.75 $ 10 À10 m 2 /N was used to improve the convergence of the FSI model. 21 Full Navier-Stokes equations were used to model the flow, and force and momentum equilibrium equations were solved using a displacement-based finite element for the structure. 19 The present study focused on the closing diastolic phase of the valve, starting with an almost closed valve. The h E s were calculated from noflow (''dry'') static models, similar to the clinical measurements, and the other parameters were calculated from fully compliant FSI models. The dry models were loaded with linearly increasing pressures, reaching a maximum load of 80 mm Hg after 20 ms. For the FSI models, a constant physiologic diastolic blood pressure of 0 and 80 mm Hg was specified, for a duration of 10 ms, as the boundary conditions at the left ventricle and the aorta ends, respectively. The initial flow conditions were obtained from a steady state solution of the initial configuration.
Parametric Geometry and Discretization
The structural solver used an implicit nonlinear dynamic analysis with an implicit direct displacement-based finite element method. A masterslave contact algorithm was used between the cusps themselves and with the sinuses, assuming a nonfriction contact. Initially, a shell mesh was created for the aortic root and the 3 cusps using a mesh generator, TrueGrid (XYZ Scientific Applications, Livermore, Calif). The surface shell mesh was extruded into 3 layers of 3D elements. Conversion of the shell to solid elements is required by the fluid solver to allow for different pressure values at both sides of the cusps. The mesh of the structural part has more than 80,000 elements, which was found to be adequate after a mesh refinement study. 18 A finite volume method was used for solving the unsteady 3D NavierStokes and mass conservation equations using the Eulerian approach with a Cartesian mesh. The flow domain was discretized with a mesh of approximately 700,000 elements after a mesh refinement study. 18 The mesh was dynamically adapted in the vicinity of the walls, including near the moving cusps and compliant root. The implicit flow solver used a spatially second order upwind scheme and a second order temporal discretization.
The FSI model was solved by a partitioned solver with nonconformal meshes, which allows large structural motion through the fluid domain and simplifies the introduction of contact. 18 The sequential coupling process exchanges the structure geometry (kinematics) and the pressure load between the 2 solvers. A common adaptive time stepping increment was automatically calculated by negotiation between the flow and structure solvers. The maximum time step in each solver was limited to 0.05 ms, and at least 2 structural solver time steps were required for each flow time step.
The structural problem was solved by Abaqus 6.9-EF1 (Dassault Systems, Simulia, Providence, RI) finite element software, and the FlowVision HPC, version 3.07.02 (Capvidia, Leuven, Belgium) was the fluid dynamics solver. The FlowVision Multi-Physics manager (Capvidia) managed the coupling between the 2 codes.
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RESULTS
Dependency of h E on d AA
The h E was calculated when the applied pressure load reached a value of 3 mm Hg. This value was the minimum load required to fully close the valve. The h E was defined as the valve height (h L in Figure 1 ) of the closed valve. Figure 2 plots the h E as a function of d AA . As expected, the h E decreases with the increase in the d AA . An h E range of less than 12 mm but greater than 7 mm is believed to be normal for adults. 2 The cases with d AA of 28 mm and 30 mm have an h E of less than 9 mm (Figure 2 , below the dashed line) and did not fully close under the prescribed simulation conditions. This is in agreement with the findings of Bierbach and colleagues, 2 who used transthoracic echocardiographic measurements to demonstrate that 96% of all patients with moderate or more severe aortic insufficiency had an h E of less than 9 mm.
Dependency of Coaptation on d AA
Coaptation was calculated at the point when the valve was fully closed for 1 ms. Those cases that were not fully closed (d AA of 28 and 30 mm) were compared after 1 ms of the constant opening area. The projected 2-dimensional (2D) deformed configurations on C-C plane are presented in Figure 3 . The C-C plane location was selected to best illustrate valve coaptation in a similar fashion to echocardiographic measurements. The partially opened valves are prolapsed into the left ventricle and have a ''belly region'' in the cusps. The coaptation height (h C ) on the C-C plane increases with the decrease in d AA . This can also be seen in Figure 4 , which compares the h C on the C-C plane and the average h C as a function of d AA . Coaptation is also marked in Figure 4 on a sample cusp from the case with a d AA of 24 mm. The average h C is defined as the coaptation area divided by the free-edge length. The average h C also decreased with the increase in d AA . The normalized cusp coaptation area (NCCA) is defined as the coaptation area divided by the total cusp surface area. An additional graph of the NCCA is published online and presents similar findings to the average h C .
Maximum Principal Stress and Energy Density
The maximum principal stress in the various d AA is compared along 2 lines: the cusp free-edge and the cusp symmetry line. The maximum principal stress as a metric for cusp performance is suitable for both isotropic and anisotropic materials. The various graphs along these 2 lines, as well as the maximum principal stress contours for the Figure E1 ). For all cases, the largest stress is found on the free edge near the commissures. On the symmetry line, the stress is higher in the noncoapting region with much greater values when the ''belly'' exists (28-and 30-mm cases). The symmetry line also shows an increase in stress in the coaptation area, excluding the 30-mm case in which there is no coaptation near the symmetry line. Figure 5 compares the maximum principal stress on the cusps (s max ) and the strain energy density for the various cases. The addition of energy density as a second metric is introduced to provide a total (per cusp) deformation measure. The maximum principal stresses are calculated at 1 ms after closure, similar to our previous results, but the energy density is computed 5 ms after the beginning of the solution. Energy density increases with the increase of d AA , implying that valves with a smaller d AA are more efficient. The largest stress in the 28-mm case might be the result of the prolapse of the valve or the contact pressure that acts on a smaller coaptation area ( Figure E2 ). The larger twists in the cases of 20 and 22 mm might cause larger maximum stress relative to the 24-mm case.
DISCUSSION
To prevent regurgitation, it is considered desirable to have the valves completely closed with a relatively larger coaptation area. It was found that increasing the d AA results in a reduced coaptation height from the 2D views (C-C plane), findings similar to the echocardiographic measurements. This appears plausible and is consistent with assumptions in valve-preserving surgery 22 and recent observations in aortic valve repair. 15 More meaningful parameters, which can be calculated from current 3D models, are defined according to the entire coaptation area. Although these parameters have similar findings to the 2D measurements, they can capture discontinuous contact that might be hidden in the 2D view, such as was found in the 28-mm case. It appears that many in the medical field estimate the NCCA to be in the range of 30% to 50%, 14 although our study places the NCCA values between 3% and 27%. Our current estimated NCCA values correlated well with other computational models. 23 The quality of the closure can be seen from the maximum principal stress, because excessive stress values can damage the valve and reduce its durability. 17 The 28-mm case has a maximum principal stress of up to 2 times that of the 26-mm case (the largest d AA case with a fully closed valve). This suggests that partially open valves might have lower durability. The case of 22 mm has the lowest stress on the 2 lines defined for comparison ( Figure E1 ). A comparison of the maximum stress in the entire cusp ( Figure 5 ) suggests that 22, 24, and 26 mm are preferable, with stress less than 500 kPa ( Figure 5 , dashed line), which represents a level of stress in which tissue stiffening can develop. 24 Although a smaller d AA produced a larger average h C (Figure 4 ) with smaller strain energy ( Figure 5 ), a reduction of d AA from 24 to 22 mm increased the average h C and decreased the strain energy by only 3.5% and 10%, respectively. Therefore, the healthy case (24 mm) had the best combination of stress, strain energy density, and coaptation that, to the best of our knowledge, is a new and important finding, clearly demonstrating the clinical implication of an optimal annulus diameter, a conclusion that concurs with the suggested valve-sparing goals. 22 Avoidance of annular dilation seems to be as important as overcorrection.
The h E s were calculated from dry models and were found to differ from those of the FSI models, which were similar to the findings on coaptation and mechanical stress. 18 The main reasons for these differences are obviously caused by the pressure load on the cusps. The calculated blood pressure load in the FSI model is not as uniform as in the traditional dry models. Furthermore, dry models usually assume a transvalvular pressure load on 1 side of the cusp, but this assumption becomes invalid in the coapting regions, because contact pressure acts on the left ventricle side and not on ventricular pressure.
The trend found for the h E as a function of d AA (Figure 2 ) correlated well with that of the average coaptation height (Figure 4 ). This indicates that improving the h E during valve repair and replacement could also lead to increased coaptation and better performance, especially for nonprolapsed valve geometries. The nonfully closed 28-and 30-mm cases of d AA , both in the dry and FSI models, are similar to the in vivo measurements of valves with an h E less than 9 mm. 2 These cases also demonstrated the largest stress. Therefore, a very low h E might indicate that the cusps are prolapsed and the valve might suffer from lower durability. The observations in this model indicate that focused reduction of annular diameter alone might increase the h E and thus normalize cusp configuration. This concept is different from current approaches, in which the h E is only increased by cusp intervention. 16, 25 Furthermore, this model demonstrates that the largest stress is found on the free edge near the commissures in all cases, implying that a cusp repair procedure near the commissures might fail early and should therefore be avoided.
The present model represents only a first step toward clinical guidelines that could be used in routine surgical practice. However, although the correlation between the h E and coaptation provides a practical tool that can be implemented for surgery, additional studies should be performed to investigate whether highly focused intervention at the annular diameter could achieve the same results in a clinical setting.
CONCLUSIONS
From our results, it is evident that decreasing the AA diameter increases the coaptation height and area. Furthermore, our results also indicate that measuring the h E during surgery will closely correlate with postoperative coaptation and improved valve performance.
